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ABSTRACT

“]’hc Gmljnd/Orbi[cr  1 ,ascrcomm IJcmonstra(  ion (GOI .11) is an optical ccmmunicat  ions
dcmonstral  ion bet wcm the J apancsc 1 ingi nccril  Ig ‘lest Satellite (1 ~1’S-VI ) and an optical
gmuncl  tramnitting  and rccciving  station at tllc  ‘1’able Mountain liacili[y,  Wrightwcd
California. 1 .aser transmissions to the satclli[c  were pcrformccl approximately four hours
every tbir(i night when the sabdli[c  was al apogee above Table Mounf ai n. I’hc cxpcrimcnt
rcqui red the international coordi nat ion of rcsoLlrccs  to generate  ancl transmit real-t  imc
commands ant! to rcccivc  rf telemetry from the 1 iTS-Vl. Participating organi~ations
included CR]., JJ’1+ NASI)A’S “]’sukuba  tracking station and NASA’s Ilccp Space
Nctwmk at Golclstonc,  CA. 7’rallslllissio]~  stc)tllc  Ii~’S-Vl  began in November 1995 ad
lasted until January 13, 1996, when, for a major part of its orbit ,  the satdlitc bccamc.
eclipsed by the liarlh’s shadow. I’here arc no la$cr transmissions during the, eclipse. Post-
cclipsc cxpcrimcnts  are currently being negotiated.

1, INTRODUCTION

‘1’hc {;lc~~ll]d/C)]l~itc]  1.ascrcomm  Ilcmonstration  (GO1.11) i s  a  joint NASA/Cf<l.  (C:oll~Illllrlic:itior~s
l<cscarch  1 ,aborat my) 0]>1 ical communicant ions cxpcrimcnt  with (he 1 ;’1’S-VI sate] litc (0 evaluate 1- way
and 2-way optical c(~llll~lullica[iolls  under a range of atmmphcric  conclitions$ “J’hc 1+3’S-V1 was launched
August  28, ] 994,and  was 10 be placed in a gco-stationary  orbit above Japan. ]Jifficulty with one of its
motm resulted in the satellite being left in a gco-transfer mbit. ‘1’his unfortunate occummcc,  however,
made the satellite visibk  from ground  stations amunci  the wodd and rcscarchcrs  at the Cf<l.  cncoumgc.(i
NASA cxpclimcn[crs  to usc the optical col~ll~~Lll~ic:ltiotls  subsystem on bmmi the satclli(c. GO1 J) is
NASA’s Icsponsc to this invitation. NASDA ctlginccrs  acljus[crl  the satellite’s mbit to facilitate the usc of
the 1.ascr Co]]lll~~~l~icatio]~s  liquipmcnt  (1 Cli) by cxpcrimcnters  at .1 I’1.. Phase-l began in November  1995
and las[cd (O mid-Jamlary  1996. ~’he satellite them went into a two-mcmth-long  cclipsc  bctwccn  mid-
J:IIILl:Wy  ad mid-March,  and no cxpcrimcnls  we.rc cmductcd during the cclipsc. As of this writing,
NASI)A is continuing to monitm the power generation capabilities of the satdlitc  to assess the feasibility
of post-eclipse cxpcrimcnts.

‘1’hc. concept of the G()] .11 pmjcct  is shown in 1 ‘igurc 1.1. ‘1’hc tmnsmittcr was a 0.6-m [clcscopc loca[d
at NASA’s Table Mountain I;acility  (’I’MI;), and tl)c rcccivcr was a 1 .2-m bcr~t-Casscgrain  Iclcscopc
located approximately 60-m fmm the tmsmitlcr. ‘J’hc primary uplink signal was a 1.024 Mbps
M[iIlcl~cs[cI”-co(lc(l  PN sequence to the spacecraft. lb the downlink,  the E1’S-VI  used its AIGaAs laser to
11’ansmit  a simi]al’  PN sequence to the ] .2-111 gI’oLIn(i rcccivcr, “his paper describes the work on G[)l.1)
l’hasc-l.  ‘l-he transmitter and reccivcr stations are discussed in Section 2, Ilxpcriment  results arc
prcscntcd in Section 3, and Conclusions ad Acknowledgments arc in Sections 4 and 5.



2. THE GOLD GROUND STATIONS

‘1’hc GOLIJ cxpcrimcnt  was performed when the satellite was near apogee and above ‘1’h41~. JJi,gurc 2.1
shows tbc satellite’s grouncl  track in its three-ctay sub-rccurrcnt  orbit. I’bc darkened section of the
trajectory in the figure shows the part of tbc orbit wbcn the cxpcrimcnt  is pcrfomccl.  During  this time the
satellite. is at mnitb over Central America, Pointinp, lbc clownlink  laser beam to tbc ground station is
accomplisbccl using a combination of satellite attitude and 1.CJi gimbal controls. As the fi~,urc shows, [his
pass occurs approximatcl  y 14 hours af(cr the pass mwr Tokyo. This opportunity was used by the ‘I’M}:
(cam to learn about tbc satellite and 1.0 3’s performance before the 1’MI: pass. ‘1’ransmission  to the
satellite on intcmcdiatc days wbcn apogee occurred over the I lawaiian  1 slands was prcc]udcd  by ficlcl  -
of-view and bias pointing constraints on tbc satcl  Iitc and its detectors.
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2 . 1 . 1  ‘1’hc ‘J’ransmittcr

‘J’hc transmitter consisted of an Argon-ion Iascr coLIplcd  to the 0.6-m tc]cscopc at ‘1’hfll’. ‘J’hc tclcscopc  is
located in building TM- I 2 at TM];;  its surveyed position is:

Ixmgilllck 117°40’ 5 2 . S 5 ”
I,atitucic 34°22’ 53.49”
Altitude 2,286 km

“J’hc tclcscopc  was operated in the coudc mode that allowed coupling in of light from the large high power
laser. The uplink laser was a prism tuned Cobercnt  lnnova-  100 Ar-]on that delivercct  a maximum of 14.5
Watts Iincarly polarized outpu[ power at 514.5 nm. Because the laser output was spatially multimode at
maximum power, it was operated below maximum (typically 13 Watts)  to acbicvc good beam quality.
Coalignmcnt  of the laser beam with tbc tclcscopc axis was acbicvcd by adjusting tile. position of the
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tclcscmpc’s  secondary minor until the focus was broLIghl [o a position on tbc optical bench. At this
setting (I)c tclcscopc’s  focal ratio was f/41 , (hat is a focal length of 26.4 -m.

A schematic of the optical [rain is shown in figure 2.1.1.1, An elcctm-optic  moduia(or was used to
impress the uplink data stream cm the optical carrier. ‘J’hc mocjulator consisted of four K]>*}’ crystals and
a poiarim.  A data fomat[cr  - a 1 ~ircbird 6000 bit-error-rate tester (131X1’)- gcncratcd  a O to 1 volt
modulation pattern that was amplified 10 the modulator’s half-wave voltage and applied to the crystals.
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]:igurc 2.1: 1 il’S-VJ ground  track showing the section (daikcncd  area) where combined 1,0 i
and satcliitc ACS sa te l l i t e  po in t ing  capabi]itics could suppor( optical  col~lll~~lt~icatiolls
cx]mimcnts  flom ‘I’MI;. q’he track COVCIS  November 26-29, 1995. ‘1’hc markers arc onc hour
time spans.

Aflcr modulation, the beam was incidcn[ on a concave/ccmvex lens pair that set the beam divergence out
of the tc.lcscopc;  this typically ranged from 20 urad to 40 urad. 1’o mitigate the effects of atmospheric
scintillation on the uplink beacon, the output beam was sp]il  into two equal palls. Onc beam was sent
through a 25 cm optical delay line; a path lcnglh difference grcatcI  than the i ascr’s I O cm cohcrcncc
Icngt h. 1301 h beams were then rcflcctcd from a hip,h power dichroic beam-split [er and were brought to a
focus at the iris ]ocatcd at the f/4] focus of the telcscopc.  }ilom there the beams diverged and wc.rc
rcflcc(cd by the third coudc flat and inlo the tclc.scope. ‘1’hc beams were arranged to bc inci(lcnt  on
oppmitc sides of the 0.6-m telcscopc’s  primary mirror, a dislancc  grca(cr than the size of an atmospheric
Cohcrcncc ccl 1.

imaging the satellite was done using a Pulnix camera with image intensifier that cxtcndcd  the detection
capability down to 10-G lux. ‘1’his enabled us to track the satellite around apogee where, depending on the
phase angle of the solar panels, its brightness varied from that of a magni[ude 12 to a magnitude 14 star.
‘1’hc avalmchc photodiodc  (Al’]]) tranmii detector nlonitorcd  the modulation of the transmitted signal.
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1 ~i~urc  2.1.1.1: ‘l’his schematic of mtical train for GOl .11 exmrimcnt shows Iascr, the
n&lula(or, and lhc optical beam delay ~ystcn]  used to pmvidc  tcm];md and spatial ciivcrsity  of
the opt ical  beams trmsmitlcd to the satcl Iitc. ‘1’hc detector that was used to monitor the
modulated wave form and the CC] I camera for imaging [he satellite are also shown.

2.1.2. ‘1’hc Receiver

‘1’hc.  rcccivcr  ccmsistcd of an optical (ictcction  package that  weighed approximately 30 kg atlachcd to a
1.2-m (f/29.5) telcscopc.  ‘l’he delcction  package was mounted to the tclcscopc’s  bent Casscgrain  focms,
ad consisted of two CCI) cameras and a 3-ImI diameter low-noise API). Scc liigure  2.1.2.1. “1’hc
cameras were a wide-field Cohu with image intensifier for satellite acquisition and tracking, and a Spectra
Source CC1 I for making atmospheric seeing mmsuremcnts. The (ictcc{ors were coaligned  on a rigid
optical bcncb assembly to ensure  that the downlink  transmission rcmainc(i incident on both the tracking
an(i cc)l~~ll~~lllicatiol~s  detectors as the tcicscopc tracked ti~c satellite across the sky.

Satc,llite. acquisition at the receiver s(ation was accomp]ishc(i by using a series of steps. 1( began with
calibrating the pointing direction of tile  narrow fic.ici-of view 1 .2-m tclescopc  with lhal of a wide. fic.id
0.4-m guiciing tclescopc  attachcci  to the 1.2-m tclcscopc’s  frame. Coaligmcnt  was accomplished by first
acquiril~g a brigh[ s{ar in the guidit]g tcicscopc  and then a(ljusting the poinling  of the rcccivcr  tclcscopc
untii  [hc star was observecl in the 1 .2-m telescope. ‘1’i~c blin(i  point accuracy of the tc.icscopc  depcndc.d on
scparatiol~  bclwccn  the calibration star and the satellite positions. ‘1’hc lclcscopc was tilcrcfore  moved 10 a
star in tile vicinity of the satclliic  an(i the pointing offsets noted for calibration. The large (iynamic range
bc.twccn the calibration stars (3’”’1 to 5’}’ magnitude) ancl tile  satellite ( 12’1’ -14’1’ magnitude) was
compensated for by using a #i 2 optical cicnsity fil[cr  in an clccttot]ically  -switcllc(l  filter hoidcr located in
frm[  of the tracking. The filter was placed in the optical beam during the calibration and was switci~c(i
out for salcllilc  acquisition.
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Iiigurc 2.1.2.1: Scbcmatic  of optical rcceivcr locatccl  at focus of I .2-m telcscopc.  (KY)s
detectors in tbc optical train track tbc satellite and measure atnmsphcric  seeing. ‘J’bc API J
dctcc[s tbc 1.024 Mbps optical (iownlink  data stream.

At mospbcric  seeing mcasurcmcnts  were mac]c to val ida[e our tbccmtical  models that predict tbc effects of
scintillation cm tbc optical uplink.  ‘1’bc seeing data were taken at 15 minute intervals to pmvidc  an accurate
correlation bctwccn  tbc atmospheric seeing and tbc observed uplink scintillation.

lX~wnlink data rccovcry electronics began with the A1’1)  amplifier ancl signal ccmditioncr. ‘1’he stitcllitc
downlink  data scqucncc  was in onc of tbrec formats: (1) 1.024 Mbps PN, (ii) real-time tclcmctry at 128
kbps with each bit rcpcate(i 8 times to pmclucc a 1.024 Mbps data rate, and (iii) rcgcncratc(l  uplink square
wave at 1 Ml IZ All data streams cxccpt tbc square wave modulation were Mancbcstcr  codcci. ‘1’hc
amplified API) output was pmccssccl to pmvidc  both an analog ad a (iigital  ou[put  of the downlinkcd
data stl’c:ull.  ‘]’bc digital OUtpU( was bit-syl~c}lrolli~c(l  :Illd  SICWC(] 011 a d:~ta  rccOrdCI’ fOr fLltUrC pl”OCCSSillg.
‘1’bc analog  data were displayed on a cligital  storage. oscilloscope and segments storc(i  m disk. A segment
of tbc. l)N downlinkcd  analog data strcm showing tbc characteristic radom  bit-flips is seen in figure
2.1.2.2.
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l;igurc 2.1.2.2: Sample of 1.024 h4bps MtIJIc}Ics[cI-coclcci  PN scqucncc downlink  da[a-slrcam
from 1.C1 i showing random bit flips. A few of tbcsc arc indicated by arrows.

3. EXPERIMENT RESULTS AND DATA ANALYSIS

‘1’here were twenty-six satellite passes over ‘l’Ml;  (a satellite transmission pass was scbcdulcd  every third
day) during the period octobcr  30, 1995, to January 13, 1996. “1’bc passes were initially about 3 hours
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illcilll~itic~ll;tl]is  was increased to about 5 hours af[cr the November 25 satellite maneuver. }ixpcrimcnts
(~ll'l't~zll~ksgivillg,  {~llristll~:\s:~  ll(i Ncw Ycarsllolici:t)'s  were canceled to allow team mcmbm to bc. with
[heir families. Ofthc passes cancclcd five were due to inclcmcn[ weather, onc was due to a tclcscopc
scheduling conflic(, and two were dLlc to unnvoidtib]c cc]uipmcnt  anomalies. ‘1’hc first two operational
passes were used to shake ou[ (he ground  tclcscopc  systems and to lcam how to coordinate rcmo[c]y with
tl]c(:}{l,  s~itcllitcc  c)~)trollcrs.  Nosigt)al (lctcctiol~s wc]col)scrve.(lo]l  those nights, on the 13 remaining
passes, both uplink and downlink  signal dctcclimls  were observed. Uplink signal detection was
confirmed by monitoring the voltage levels on the spacecraft’s CX31 ami Q) optical cot]llllLtilic:~tioll
tc]lllil~al’strackillg  detectors. ‘1’clcmctry readings of these voltage lCVCIS were ra(iio-tr:illsl~lit[c(i  to the
ground, proccsscd  by OU~anc]  tral~sl~littc{l  ot’ctcc)llllllltl~icatiot~slitlcs to U’able Mountain.  ‘1’hcsc data
were samp]cd at intervals of mc second  and [hc latency of the data upon arrival at ‘i’Ml;  was abou( 15
Sccon(ls.

‘1’o rcducc. the effects of uplink tLlrbulcncc,  wc used a dLla] uplink beam approach where half of the power
was p]accd into each of two spatially separated uplink beams. ‘J’hc beams combine(i  in the fw field to
pmducc  a full-power signal, but since the beams were in inclcpcmicnt  turbulence regions of the uplink
tClCSCO]3C, thCI’C W:lS aVCra~iIl~ Of thC tLlrbU]CllCC  C.ffCCtS. ‘1’hc improvement due to this multi-beam
averaging was inclucicci  in the analysis. ‘1’hc two-beam uplink data were fit to an :il>]>ro]~l”i:itcl  y-scalc(i  log-
normal distribution and the resulting distribution was cmparcxl wi[h the thccmtically  cs[imatc(i
distribution gene.rated a-priori. ‘1’bc  Icsults  of this conyxuison  arc silown  in ]:igure 3.1. ‘1’hcsc curwx
clcad  y show an improvement ciuc to the t wobcam  approach. A comparison of the theoretical ami
cxpcrimcntal  rcsLllls  shows that the stanciar(i cicviation (S.1)) of the (distribution for the fittc(i  results arc
cxttemcly  ciosc to that prc(iictc(i  by the two-beam theory.
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l;igure 3. i: “1’hcorctically  pre(iic[c~i  probability (icnsity  functions for one ami two beam uplinks
m comparc(i  w itil the fit(c(i  curve from the GO1.11 upli nk (i at a. ‘1’hc theory, which (iocs not
inciu(ic the cffc.cts of uplink pointing jitter,  a~ms reasonably with the cxpcrimcntal  (iata.

1 lis[ograms  of the mcasurcci intensity levels for one-beam an(i two-beam uplinks  are shown in l;igutes
3.2 (a) an(i 3.2 (b). ‘l’he data in each of these plots rc]wcscnts approximately 1200 (iata  points taken  over
a twenty minute pcrio(i. A comparison of the two flgurcs shows the a(ivantagc of two-beam over a onc -
bcam ui)link. Figure  3.2 (a) shows that pointing ami beam wamicr effects result in a ]arge number of iow
signai s[rength detections. 2%c figLlre.  also shows a suggestion of a second maximum ( occLtrring al about
1/7 of the frequency) at bighcr  (aroumi 2.0) levels. 1 ‘igurc 3.2 (b) shows a similar low signal peak as the
one-beam. llowcvcr,  this occurs a[ less tilan 1/2 the frequency of that of Iiigure 3.2 (a), ami is



comparable in frccjucmcy to the peak in the distribution (arouncl 2.5). Our preliminary interpretation of
these data is that bccausc  the two beams arc propagating through different atmospheric CCIIS  they wander
indcmmdcntlv  and randomly. The net effect is thus a rcctuction  in the frequency and depth of the signal
fadc~ at the s~tcllitc.  ‘1’hcsc ~ffects will bc investigated in greater ctclail  in Iihasc-jl.  “
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transmissions as dctcctcd by the Q] optical detector in the 1.Cli show the advantage of two-
bcam uplink  transmission.

4. C O N C L U S I O N S

W)] J) was an cxpcrimcnt  that dcmons[ratcd real-tinm intcrnationa] collaboration. 1[ ctcnmstratcd  the first
optical signal rcgcncration  bctwccn  a satellite and an optical grouncl rcccivcr.  l’hc cxpcrimcnt  also
demonstrated the advantages of nm]ti-beam up]ink transmission, “1’hc thrust of the phase-1 cxpcrimcnt
was to measure and understand the performance of the 2-way optical link unclcr a variety of atmospheric
at(cnuation and turbulence conditions. ‘1’hc data accumdatccl  from this experiment will enable us to
improve oL]r theoretical models and to bct(cr define the pcrfomancc  of the tcdmology  for mission
designers who arc intcrcslcd  in optical collllll[l[licatiolls  for future missions. Satclli[c  ranging using
rcgcncration  of an uplinkcd  code is a time-tested approach in rf cotl~l~~[~l~icatiot~s  sys(cms. A post-c.clipsc
(;01 .1) opportunity will allow us to investigate this approach at optical frcc]ucncics.
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